The cracking behavior and failure mode of a 78 m high concrete double-curvature arch dam with weak upper abutment are investigated through performing cracking analysis. The mechanical behavior of concrete is simulated using a smeared crack model, in which a combination of the compression yield surface and the crack detection surface with a damaged elasticity concept is employed to describe the failure of concrete. The arch dam with practical mechanical properties of the upper and lower abutments is firstly studied with emphasis on its cracking behavior during overloading. Then, a comprehensive sensitivity analysis is carried out to investigate the influence of the ratio of the mechanical properties of upper abutment to those of lower abutment on dam failure with prime attention placed on the failure mode. Simulation results indicate the adopted smeared crack model is well-suited to the crack analysis of concrete arch dam. It is shown that cracking is localized around the interface between upper and lower abutments, which leads to a fast crack growth in the through-thickness direction of dam and finally causes the dam failure. Furthermore, the sensitivity analysis presents three types of failure modes corresponding to different ratio value, wherein Modes II and III should be avoided since the weak upper abutment plays a predominant role in the cracking and failure of concrete arch dam.
Introduction
Concrete arch dam is one of the most prevalent dam types worldwide, and its cracking behavior remains an active research focus of interest due to the unacceptable failure consequences [1] [2] [3] . As is well known, the structural response of a concrete arch dam is greatly influenced by rock abutment. From the design point of view, the rock abutment with uniform mechanical properties and sufficient strength and stiffness is preferred. However, attributed to the complexity of in situ geological conditions, rock abutments with unfavorable features such as nonuniformity, discontinuity, low mechanical properties, and etcetera are frequently encountered in practice [1, 4] . In this regard, it is necessary to investigate the potential cracking behavior and failure mode of the concrete arch dam with unfavorable abutment, which can further serve as the basis of the engineering decision making related to the abutment reinforcement.
Among various geological defects of rock abutment which might be encountered in practice, nonuniformity is a typical one. For instance, the stiffness of right and upper abutment of Jinping double-curvature thin arch dam, the highest concrete arch dam at present, is much lower than that of left and low abutment [5] . Motivated by practical needs, several related research works have been carried out with the aim of studying the influence of nonuniform abutment on dam structural behaviors. Remarkable are the contributions made by Zhou and coworkers [6] who investigated the influences of asymmetry of arch dam foundation using both experimental and numerical methods, Yu and Ren [5] who evaluated the global safety of a concrete arch dam with geological asymmetry conditions by conducting finite element simulations, Ning and coworkers [7] who discussed the effects of engineering reinforcement measures aiming to reduce the disadvantages of nonuniform arch dam abutment, and Yang and coworkers [8] who carried out three geological model tests for studying the failure behavior of a concrete arch dam with nonuniform abutment. However, most of the simulation works consider concrete arch dam to behave elastically, and consequently the cracking behavior and failure 2 Mathematical Problems in Engineering mode of concrete arch dam cannot be captured. Limited studies on the cracking behavior of concrete arch dam can be found in [9, 10] in which the rock foundation is assumed to be rigid and in [11, 12] in which the concrete arch dam is treated as a crown cantilever and is analyzed using the linear elastic fracture mechanics method. Moreover, to the best of our knowledge, the study on the influence of the ratio of mechanical properties of weak abutment and those of strong abutment on the cracking behavior and failure mode, which can provide an extensive knowledge of the structural failure of the concrete arch dam with nonuniform abutment in a general sense, has been rarely detailed in past research works.
It has been well recognized that cracking should be taken into account when investigating the failure behavior of concrete structures [13] [14] [15] . Up to date, the macroscale cracking simulation approaches can be mainly grouped into two types: the discrete cracking approach [16] [17] [18] and the smeared cracking approach [19, 20] . For the former one, cracks in concrete are treated as geometrical discontinuities, and therefore a discrete crack model (DCM) such as the known fictitious crack model (FCM) proposed by Hillerborg and coworkers [21] is needed to model the cracking behavior in an explicit way. Unlike the discrete crack approach, the smeared cracking approach, implemented by employing a continuum constitutive model such as the crack band theory proposed by Bažant and Oh [22] , describes the influences of cracks on the overall concrete behavior in an implicit (also termed "smeared") way. Although the discrete cracking approach can track the crack propagating process, there are still some difficulties when applying this approach to the cracking analysis of practical concrete arch dam such as the interaction of multiple cracks, the determination of crack propagating direction in three-dimensional case, and the numerical convergence issue. With this in mind, the smeared cracking approach is employed in the present work.
In this study, the cracking behavior of a 78 m high concrete double-curvature arch dam, which has typical nonuniform rock foundation with upper abutment weaker than lower abutment, is performed by adopting a smeared crack model, and, moreover, the influence of the ratio of mechanical properties of upper abutment and those of lower abutment on the dam structural response is discussed with emphasis on the failure mode. The rest of this paper is organized as follows: Section 2 presents the formulation of the concrete smeared crack model; an overview of the geological conditions of the dam and the finite element modeling strategy are given in Section 3; in Section 4, the arch dam with practical mechanical properties of the upper and lower abutments is first analyzed with a focus on dam cracking process during overloading, and then a comprehensive sensitivity analysis is carried out to investigate the influence of the ratio of the mechanical properties of upper abutment to those of lower abutment on the dam failure mode; finally, the study is summarized with conclusions in Section 5.
Concrete Smeared Crack Model
Several smeared crack models for concrete have been proposed to describe concrete cracking behavior at the macroscale constitutive level, and a detailed discussion of different types of smeared crack models was made by Rots and Blaauwendraad [19] . In the following research, the smeared crack concrete model provided in ABAQUS [23] , which describes the compression behavior of concrete within the framework of plasticity and employs a crack detection surface to determine the formation of a crack and the corresponding cracking orientation, is adopted. The basic formulation of the model is given as follows (see [21, 24, 25] for more details).
To determine concrete yield under compression, a yield surface in stress space is introduced as
where and are the effective pressure stress and the Mises equivalent deviatoric stress, respectively; 0 is a constant used to define the shape of the yield surface, which can be calculated form a given value of bc (the ratio of the biaxial compressive strength bc to the uniaxial compressive strength ); and is another parameter used to describe concrete compression hardening behavior.
Based on (1) and considering the case of uniaxial compression with compressive stress , in which = (1/3) and = , can be expressed as
From (2), concrete hardening can be directly characterized by the relation between the uniaxial compressive stress and the corresponding plastic strain.
The associated flow is adopted in the concrete smeared crack model, and the incremental plastic strain pl is defined as
in which is the incremental plastic multiplier and 0 is a constant determined by a given value of bc (the ratio of the total plastic strain in biaxial compression to that in uniaxial compression).
When the stress state of concrete is predominantly tensile, cracking dominates the mechanical behavior of concrete. For the purpose of identifying the crack formation, a crack detection surface is defined in the stress space as
where is the failure stress in uniaxial tension; 0 is a constant defined from the value of the tensile failure stress in a state of biaxial stress when the other nonzero principle stress is set equal to − ; and is the equivalent tensile stress used to describe the tension softening. To link the failure stress in uniaxial tension to that in uniaxial compression, a ratio denoted by is introduced as a model parameter, and then is expressed as . It should be noted that the stress components associated with existing cracks are not taken into account when calculating the value of and in (4), which means the new crack plane is assumed to be orthogonal to the existing ones.
Similar to the modeling strategy in compression regime, the associated flow rule is also employed in tension regime, which is given as pl =
in which pl is the incremental tension plastic strain and is the incremental plastic multiplier. Figure 1 illustrates concrete failure surfaces that comprise compression yield surface and crack detection surface in the case of plane stress.
For a certain stress state, when (4) is satisfied, cracking is considered to take place, and the crack orientation is taken to be the direction of that part of the maximum principal plastic strain increment conjugate to the crack detection surface, which is orthogonal to the directions of any existing cracks.
After cracking, oriented damaged elasticity (smeared cracking) [19] is used to describe the postfailure behavior of the concrete with open cracks. More specifically, the relation between the normal stress and normal strain on the crack plane is controlled by the damaged elastic modulus, which decreases with the increase of normal strain by following a prescribed tension softening law (typically, obtained from uniaxial tension tests), and, on the other hand, the shear behavior on the crack plane is also dominated by a varying shear modulus, which is assumed to linearly decrease from its origin value to zero with the increase of the normal tensile strain.
Compared to DCMs, the aforementioned concrete smeared crack model, which is mainly formulated within the framework of traditional elastoplasticity and takes use of the concept of damaged elasticity to describe the material stiffness degradation due to tensile cracking, retains the geometrical continuity of numerical models, which is traditionally considered as a prime merit from a computational strategy point of view. Meanwhile, many practical applications have shown that it can simulate concrete cracking behavior in a reasonable fashion owing to the combination of plastic softening and damaged elasticity [13, 14, 19] . To this end, the concrete smeared crack model presented in this section is applied to investigate the cracking behavior of a concrete arch dam with weak upper abutment.
Finite Element Model
In this section, the geological conditions of a practical concrete arch dam with weak upper abutment are briefly introduced, followed by the description of the finite element modeling strategy. Then, the mechanical properties of both dam concrete and the upper and lower rock abutments are given. Finally, the loading process in FE simulation is discussed.
Engineering Geological Conditions.
The concrete doublecurvature arch dam with parabola horizontal arch ring, situated in southwestern China, has 78 m height and 224.68 m arch length of dam crest. The geological cross section and the excavation line of dam abutment are illustrated in Figure 2 , from which it is clearly shown that the dam foundation is composed of multiple horizontal rock layers with different thicknesses. According to the geological survey, these rock layers can be in general divided into two groups: one with low mechanical properties and the other one with high mechanical properties. From the in situ experimental results, the former one consists of the rock layers denoted by ∈ 2-3 2g , ∈ 2-4 2g , ∈ 2-5 2g , and ∈ 2-6 2g , respectively, while the rock layers denoted by ∈ 2-1 2g and ∈ 2-2 2g , respectively, belong to the latter one. Being aware of the relative position between the dam and rock layers, it can be found that the upper dam abutment in the altitude range 441 to 480 m is mechanically weaker than the lower dam abutment in the altitude range 480 to 510 m (see Figure 3 for pictorial representation), which herein can be viewed as a geological defect since the preferred overall uniformity of rock foundation is obviously violated.
Finite Element Mesh and Mechanical Properties.
To perform the cracking analysis of the concrete arch dam with weak upper abutment, the nonlinear finite element (FE) method is employed in the present work, and the three-dimensional FE numerical model is first generated through mesh discretization. Figures 4 and 5 present the dam mesh and the dam-rock foundation mesh, which are mainly composed of 8-node hexahedral elements. In order to better capture the cracking behavior, the arch dam is discretized by a relatively fine mesh with typical element size of 1.5 m. The number of nodes and elements of dam mesh is 24660 and 21064, respectively, while the number of nodes and elements of the entire FE mesh is 154787 and 141831, respectively.
As stated in Section 2, the smeared crack model is adopted in FE simulation to describe the mechanical behavior of dam concrete with the prime purpose of capturing the dam cracking behavior. The model parameters, which control the concrete mechanical behavior under loading, include elastic modulus, , Poisson's ratio, , failure stress under uniaxial compression, , the ratio of failure stress under biaxial compression to , bc , the ratio of the failure stress under uniaxial tension to , , and the ratio of total plastic strain under biaxial compression to that under uniaxial compression, bc . Additionally, the compression hardening should be defined as the relation between stress and plastic strain in the uniaxial compression sense, and the relation between stress and strain subtracted by that corresponding to the failure tensile stress should also be given in the uniaxial tension sense for describing the concrete softening due to cracking.
According to the concrete strength grade, C20, specified in the dam design, the above mechanical parameters together Mathematical Problems in Engineering with the associated compression hardening and tension softening curves can be obtained with ease. The mechanical parameters of dam concrete are listed in Table 1 , and Figures  6 and 7 show the compression hardening curve (used to define ) and the tension softening curve (for the definition of ), respectively, obtained from Chinese code GB 50010-2002 (code for design of concrete structures). Moreover, the density of dam concrete is set to 2400 kg/m 3 . While, for rock foundation, the elastoplastic constitutive model using the classical Drucker-Prager yield criterion is employed to describe its mechanical behavior, the physical and mechanical parameters (i.e., density , elastic modulus , Poisson's ratio , friction coefficient , and cohesive strength ) of the upper and lower rock abutments are given in Table 2 .
Loading Simulation.
For the sake of gaining the real structural response of the arch dam in construction and operation, the simulated loading process in nonlinear FE simulation should generally coincide with the practical one. To this end, first the initial geostress field, which is considered to be self-weight stress field according to engineering geological investigation, is imported in simulation, and then gravity load is exerted on the dam body. Afterwards, water loads are applied, followed by the temperature load and sediment pressure. Finally, with the aim of studying the cracking behavior of the concrete arch dam, overloading method is employed by amplifying the water pressure applied on the upstream surface of dam stepwise. With respect to the overloading, there are mainly two approaches: the water density increasing approach and the water level increasing approach. Despite the fact that the overlevel flood can be considered to be one of the potential causes resulting in dam failure, the great rise of upstream water level still seems to be impractical due to the water discharge including crest overflow [1] . Furthermore, originated from the fact that the performance deterioration of dam concrete is the main reason for the failure of dam structure under external loading conditions [26] , the distribution pattern of upstream water pressure during the overloading process should be consistent with that in the operation period for the sake of preserving the realistic failure mode of the concrete arch dam to a great extent. Consequently, the water density increasing approach, which can be considered as an indirect way to model the dam failure caused by the material deterioration and has been increasingly used in the safety assessment of concrete arch dam [13] [14] [15] , is adopted in the present work.
Moreover, it is worth noting that hydraulic fracturing plays an important role in the further propagation of the initial cracks caused by various factors in high concrete dams. However, since the dam height in this study is relatively small (78 meters) and the emphasis is mainly placed on the influences of weak abutment, the effect of hydraulic fracturing on cracking behavior is not taken into consideration in the numerical simulations.
Results and Discussion
In this section, the failure behavior of the concrete arch dam obtained from the FE simulation using practical mechanical parameters of rock abutments (listed in Table 2 ) is presented and discussed with focus placed on cracking process during overloading. After that, in order to investigate the influence of the ratio (hereafter referred to as ) of the mechanical properties of the upper abutment to those of the lower abutment on dam cracking behavior, a sensitivity analysis is performed with emphasis on the failure mode of dam. Figures 8-15 illustrate the distributions of cracked elements in dam at different overloading stages. It is shown that dam cracking is initiated at the upstream ends of arch rings close to dam bottom (see Figure 8 ) when increasing the water pressure by 0.4 times, and crack propagates upwards and downwards when the water pressure further increases. Due to the reduction of arch action as a result of the arch ring cracking and the increasing water pressure, cracks appear at the dam bottom and propagate from middle to both left and right sides (see Figures 9, 10, and 11) , and consequently a continuous cracking zone is formulated in the upstream part of lower dam, as shown in Figure 12 . Furthermore, attributed to the stress concentration taking place during sustained overloading as expected, cracking is localized around the interface between upper weak abutment and lower abutment, leading to a fast crack growth in the through-thickness direction of dam, as depicted in Figures 13 and 14 . The final distribution of Mathematical Problems in Engineering cracked elements in dam is demonstrated in Figure 15 , and the corresponding water pressure is increased by 1.6 times. In addition, it can be observed that there is no cracking at the ends of upper arch rings and the central part of the arch dam, which is attributed to the fact that compared to the lower abutment the elastic modulus of upper abutment is pretty low while the strength is not.
Cracking Behavior.
It must be noted that although the maximum load reached in simulation cannot be undoubtedly viewed as the load-carrying capacity of the arch dam as accurately tracking the peak load of such a complex structure system remains an open issue using the implicit FE computational framework, the obtained simulation results can still be used to predict the cracking pattern and failure mode of the concrete arch dam under overloading.
Sensitivity Analysis.
In the sensitivity analysis, the practical mechanical parameters of the lower abutment are kept unchanged, whereas the mechanical parameters of the upper abutment vary according to the value of . Five FE simulations, which correspond to the value of equal to 1.0, 0.7, 0.5, 0.3, and 0.1, respectively, are performed. It should be noted that only , friction coefficient , and cohesive strength of the upper abutment are proportionally reduced, while Poisson's ratio for each case is selected within the range 0.22 to 0.35 by taking the specified deformation and strength parameters into consideration.
Regarding the situation with equal to 1.0, namely, the upper and lower abutments with the same mechanical properties, cracking first takes place at the upstream ends of the lower arch rings, and then the upstream part of dam bottom suffers from cracking as a result of the weakened arch action attributed to the arch ring cracking. With the sustained increase of water pressure, cracking appears at the upstream central region of dam due to the stress relaxation and the subsequent load transfer resulting from the previous cracking behavior. The final distribution of cracked elements in dam for equal to 1.0 is depicted in Figure 16 , and the corresponding water pressure is increased by 2.0 times.
In the case of = 0.7, as the upper abutment is weaker than the lower abutment, a larger proportion of structural loads is sustained by the lower part of dam compared to the case of = 1.0, resulting in more cracks at the upstream ends of the lower arch rings and the upstream part of dam bottom at the same loading level. On the other hand, cracks at the upstream central region of dam become less due to the stiffness decrease of upper dam resulting from the relatively weak upper abutment. On the whole, however, the dam cracking behavior and failure mode in this case resembles that with uniform abutment (see Figure 17 for the final crack distribution with the corresponding water pressure increased by 1.93 times).
Compared to the case of = 0.7, more cracking takes place at the upstream ends of the lower arch rings and the upstream part of dam bottom for = 0.5, while the upstream central region of dam suffers from less cracking as expected. The final distribution of cracked elements in dam is illustrated in Figure 18 , which corresponds to the applied maximum water pressure increased by 1.85 times. It is found that the dam cracking and failure mode remain similar to the aforementioned two cases ( = 1.0 and 0.7). For this kind of failure mode (referred to as Mode I), although the upper abutment is weaker, its influence on the dam failure behavior can be considered to be trivial when noticing that the failure mode and the maximum water pressure reached during overloading only vary to a small extent. In Mode I, the failure behavior of the arch dam is mainly controlled by the interaction between dam and lower abutment.
The adopted mechanical parameters of upper abutment when = 0.3 are close to their practical ones in a general sense, and therefore the final distribution of cracked elements in this case (the corresponding water pressure is increased by 1.2 times) shown in Figure 19 is also similar to that presented in Section 4.1, which is different from those in the aforementioned three cases. However, the maximum water pressure reached in this situation decreases to a large extent compared to that using the practical mechanical parameters, which might be caused by the employed lower friction coefficient. Distinguished from Mode I, the failure mode similar to those in this case and Section 4.1 is called Mode II, in which the dam failure is dominated by the interaction between dam and both the upper and lower abutments. Owing to the extremely low mechanical parameters of upper abutment used in the case of = 0.1, another type of failure mode (Mode III) can be observed. In Mode III, cracks are mainly distributed at the ends of upper arch rings, especially at the ends of arch rings with elevation of threequarters of dam height and around the interface between upper weak abutment and lower abutment, while only a small part of lower dam experiences cracking (see Figure 20 for the final distribution of cracked elements with the corresponding water pressure increased by 0.4 times). In other words, the failure behavior of the arch dam in Mode III is greatly influenced by the interaction between dam and upper weak abutment.
Overall, for the studied concrete arch dam, its cracking behavior and the associated failure mode change with the decrease of , which is accompanied by a nonlinear reduction of the load-carrying capability (simply represented by the maximum water pressure reached in the simulation). From the structural design point of view, both Mode II and Mode III should be avoided in practice since the dam safety is predominantly influenced by the weak upper abutment, and therefore the value of should be roughly larger than 0.5 based on the above discussion. As stated before, the failure behavior of the practical concrete arch dam can be considered to follow Mode II. Thus, engineering treatments are required to reinforce the weak upper abutment. Additionally, it is worth noting that the minimum value of for avoiding Mode II and Mode III is not the same for different concrete arch dams.
Conclusions
In the present work, the cracking behavior of a 78 m high concrete arch dam with weak upper abutment is detailed. Then, the influence of the ratio of the mechanical properties of upper abutment to those of lower abutment on dam failure mode is discussed by performing a sensitivity analysis. The work results in the following conclusions:
